Thrombin stimulates phosphoinositide hydrolysis and increases cytosolic calcium in several types of cells. To determine whether thrombin exerts similar stimulatory actions in the heart and whether this mechanism is linked to changes in cardiac electrical activity, the effects of thrombin on several biochemical and electrophysiological parameters were examined. In neonatal rat ventricular myocyte cultures freed of fibroblast contamination by irradiation, thrombin rapidly induced the breakdown of phosphoinositides. Formation of inositol trisphosphate was detectable within 5 seconds and was followed by the sequential accumulation of inositol bisphosphate and inositol monophosphate. The effect of thrombin to stimulate phosphoinositide hydrolysis was inhibited by hirudin, but not by propranolol, prazosin, or pretreatment with pertussis toxin. The inositol phospholipid response was unassociated with changes in intracellular cAMP levels. To determine the electrophysiological effects of thrombin, we used microelectrode techniques to study canine Purkinje fibers. Thrombin increased the beating rate of fibers depolarized using barium, but not those at normal maximal diastolic potential. In addition, thrombin prolonged the action potential duration in fibers driven at a constant cycle length. This response was inhibited by hirudin and nisoldipine, but not by propranolol, prazosin, or pretreatment with pertussis toxin. Thrombin also augmented cesium-induced early afterdepolarizations. Using the fluorescent calcium indicator fura-2, we demonstrated that thrombin increased the beating rate, diastolic calcium, and peak systolic calcium of spontaneously contracting cultured ventricular myocytes. Cytosolic calcium also increased in both rat ventricular myocytes and canine Purkinje myocytes that were electrically driven at a constant basic cycle length, indicating that thrombin modulates cellular calcium metabolism independent of its actions to enhance automaticity. Taken together, these findings demonstrate several novel biological actions of thrombin in the mammalian heart that may be functionally related. The actions of thrombin to enhance automaticity and prolong repolarization may contribute to the electrical abnormalities observed in the setting of myocardial ischemia and infarction. (Circulation Research 1991;68:1216-1229 
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The heart traditionally has not been considered a target for thrombin's action, although isolated reports have suggested that thrombin can stimulate phosphoinositide hydrolysis and modulate calcium channel activity in avian or amphibian heart.8-10 The goals of the present study were to characterize the pharmacological and electrophysiological effects of thrombin on the mammalian heart and to identify biochemical mechanisms that potentially could underlie thrombin's actions. The models used were cultured neonatal rat ventricular myocytes for studies of biochemistry, cytosolic calcium, and automaticity; isolated canine Purkinje myocytes for studies of cytosolic calcium; and adult canine Purkinje fibers for studies of automaticity and electrophysiology.
Materials and Methods Preparation of Cultured Neonatal Rat Ventricular Myocytes
Cardiac myocytes were isolated from hearts of 2-day-old Wistar rats by a trypsin dispersion procedure and were cultured for 4 days according to a protocol described previously.1' For experiments measuring phosphoinositide hydrolysis and intracellular cAMP, cells were grown in multiwell (6x35 mm) tissue culture dishes. Studies of the contractile and calcium responses to thrombin were performed on myocytes grown on round glass coverslips (0.07-mm thickness, 31-mm diameter; Biophysica Technologies, Inc., Baltimore) in 35-mm culture dishes. Although the culture technique used includes a preplating step that effectively decreases fibroblast contamination, previous studies indicated that a small number of nonmuscle cells with proliferative capability persist in the myocardial cell cultures.12 Therefore, a modification of a procedure previously reported to eliminate contaminating fibroblasts from the culture was used.13 On day 1, the cultures used for experiments measuring phosphoinositide hydrolysis were exposed to 30 Gy of x-rays using a Model 300 kVp x-ray machine (Siemens Analytical X-Ray Instruments, Inc., Madison, Wis.) and a 0. 1.2, EDTA 0.5, glucose 10, HEPES 25, pH 7.4) to remove unincorporated radioisotope. Experimental protocols were initiated by the addition of 1 ml fresh HEPES buffered saline containing 10 mM LiCl and appropriate test agents. After incubation for the indicated time interval at room temperature, the buffer was aspirated rapidly and 1.5 ml acidified chloroform/ methanol/6 M HCl (500:1,000:3) was added to the cell monolayer. Cells were harvested with a rubber policeman, and lipids were extracted for 30 minutes at room temperature. Chloroform (0.5 ml) and H20 (1 ml) then were added, and the mixture was vortexed and centrifuged at 1,000g for 2 minutes to separate the phases. The aqueous phase was transferred to Dowex anion-exchange columns, and inositol phosphate metabolites were eluted sequentially according to a protocol described previously.15
Measurement of cAMP
Intracellular cAMP was measured essentially according to previously published methods. 16 Briefly, cultures grown in 35-mm dishes were preincubated for 60 minutes with 10 mM theophylline. Assays were performed in the presence or absence of 10-5 M isoproterenol or 1 unit/ml thrombin for 10 minutes at room temperature. The assay was terminated by aspiration of the incubation buffer and addition of 1 ml ethanol to each dish. The alcohol-fixed cells were scraped off with a rubber policeman. Fiber bundles were pinned to the Silastic bottom of the chamber and were paced using previously described techniques to deliver square wave pulses via a bipolar silver electrode. Glass microelectrodes filled with 3 M KCl and having tip diameters < 1 ,um and tip resistances of 5-15 Mfl were used to impale the preparations. These were coupled via an Ag-AgCl bar to amplifiers having high input impedance and capacitance neutralization. The bath was connected to ground via a 3 M KCl-Ag-AgCl junction. The methods used for calibrating the system and for recording and calibrating the maximum upstroke velocity of phase 0 (Vma) have been reported previously. 22 After an equilibration period of 30-45 minutes, control measurements were made of maximum diastolic potential, activation voltage, action potential overshoot, Vma, and action potential duration to 50%
and 100% repolarization (APD5O and APD,OO), respectively. Thrombin then was added to the chamber to make final concentrations of 0.25, 2.5, and 10 units/ml. In experiments requiring adrenergic blockade, 2 x 10`M propranolol and 1 x 10-6 M prazosin were included in the Tyrode's. We previously have shown these concentrations to have no significant effect on the transmembrane potential.23 In experiments on calcium channel blockade, we used 2x 10-7 M nisoldipine. In preliminary experiments we found the diluent for nisoldipine had no effect on the electrophysiological variables studied. To block the proteolytic action of thrombin, we used hirudin premixed with thrombin in a proportion of thrombin to hirudin of either 1:1 or 1:4. In other experiments either 0.1 mM barium or 5 mM cesium was added to the Tyrode's to block K' currents. The barium was used because prior studies have shown it to be a useful intervention for mimicking the abnormal automaticity that occurs in experimental myocardial infarction.24 Cesium was used because of its consistency in facilitating the induction of early afterdepolarizations, thereby permitting the study of resultant triggered activity.25,26 While both of these interventions are nonphysiological, they nonetheless have been used consistently and successfully to model mechanisms of arrhythmogenesis.27
In some experiments we studied the role of the pertussis toxin-sensitive GTP regulatory proteins on the electrophysiological response to thrombin. Here, we administered pertussis toxin, 30 jig/kg i.v., to adult dogs weighing [2] [3] kg. Approximately 60 hours after administration of toxin, the animals were anesthetized and Purkinje fibers were obtained as above.
Assay of Pertussis Toxin-Sensitive G Protein
On completion of electrophysiology experiments described above, control Purkinje fibers and those from pertussis toxin-treated dogs were pooled into two groups, membranes were prepared, and pertussis toxin-dependent ADP-ribosylation was performed according to methods previously described. 28 Results reported are the average of duplicate determinations on a single preparation representing each experimental condition. Materials Norepinephrine, prazosin, propranolol, and hirudin were purchased from Sigma Chemical Co., St. Louis; pertussis toxin from List Biological Laboratories, Inc., Campbell, Calif.; and fura-2 AM from Molecular Probes, Eugene, Ore. Purified bovine a-thrombin was prepared as described previously. 29 
Results

Effect of Thrombin on Phosphoinositide Hydrolysis
A characteristic feature of agonist-induced polyphosphoinositide hydrolysis is the rapid and transient accumulation of 1P3 and inositol bisphosphate (IP2), which is followed by a more gradual and sustained accumulation of inositol monophosphate (IP1). Therefore, inositol phosphate metabolites were measured in cells exposed to thrombin for varying time intervals. Addition of 1 unit/ml thrombin to cultured neonatal rat ventricular myocytes resulted in a rapid increase in the levels of inositol polyphosphates ( Figure 1 ). 1P3 was formed without an apparent lag (106% increase above control values by 5 seconds) and was followed by significant accumulation of 1P2 (153% increase above control at 1 minute). 162±-9% and 921+53% of basal, respectively (p<0.05 compared with basal; n=5), whereas the simultaneous addition of carbachol and norepinephrine resulted in a significantly greater response (1,109+46% of basal,p<0.05 compared with norepinephrine alone; n =5). In contrast, the combined effect of thrombin and norepinephrine differed. Simultaneous exposure to maximally effective concentrations of thrombin and norepinephrine resulted in a less than additive response (Figure 4 ), suggesting that these two agents may share a common, limited mechanism of action. A pertussis toxin-sensitive GTP-binding protein has been implicated in the thrombin signaling system in some, but not all, cell types.8,36-38 To determine whether a pertussis toxin-sensitive GTP-binding protein is important in the myocardial cell response to thrombin, we preincubated cultures with pertussis toxin according to a protocol previously shown to completely ADP-ribosylate and inactivate the endogenous G protein in the myocyte culture.14 Thrombinstimulated 1P3 formation was similar in control and pertussis toxin-treated cultures, suggesting that a pertussis toxin-sensitive GTP binding protein does not mediate this response ( Figure 5 ).
Electrophysiological Experiments in Purkinje Fibers
In canine Purkinje fibers driven at a basic cycle length of 1.5 seconds, the primary effect of thrombin was to prolong the duration of the action potential. No effects on maximum diastolic potential overshoot or Vm7ax were seen (Table 1, Figure 6 ). The effect of thrombin to prolong repolarization was attenuated equivalently by nisoldipine and by hirudin (Figure 7) . In contrast, neither propranolol, prazosin, nor pre- -29±16, and -27±15 mV (p<0.05 compared with cesium alone). Moreover, the addition of thrombin increased the frequency of triggered activity. A representative experiment is shown in Figure 9 . Finally, in two experiments we attempted to wash out the effects of thrombin, and this was successful (e.g., Figure 8 ). We performed seven experiments on barium-superfused fibers having automatic rhythms. Three fibers had low maximum diastolic potentials (-62±5.2 mV), and four had high maximum diastolic potentials (-89+±4.5 mV). Although thrombin induced no significant effect on membrane potential, it increased automaticity in the former group of fibers while it had no effect in the latter group (see Figure  10; typical experiment is shown in Figure 11 , and the complete data are reported in Table 2 . The configuration of the experimental system did not permit a precise measurement of the time required for movement of thrombin from the superfusate in the prechamber to the cell surface. Therefore, the presence of a lag before the response to thrombin was uncertain. However, in each experiment, the effect of thrombin on contractile rate occurred within 10-20 seconds after its addition to the prechamber, was associated with a marked increase in diastolic and peak systolic calcium ion concentration, and completely reversed during a 3-4-minute washout. To determine whether thrombin exerts a direct effect on cellular calcium metabolism independent of its effects on contractile rate, these experiments were repeated on myocytes that were electrically driven at a basic cycle length of 1,000 msec. This rate was sufficiently rapid to maintain a constant beating rate during exposure to thrombin. Under these conditions, thrombin also induced a rapid and transient increase in the diastolic and systolic calcium ion concentration ( Figure 12 ; Table 2 ). The kinetics of the calcium response to thrombin were similar in automatic and driven myocytes. Finally, three quiescent cultures were exposed to thrombin. In each case, cytosolic calcium transiently increased without inducing automaticity ( Figure 13 ). These results indicate that thrombin directly modulates cellular calcium metabolism independent of its actions to enhance automaticity. We determined whether pertussis toxin modulates the automatic or calcium response to thrombin (Table 2). The basal automatic rates were similar in control and pertussis toxin-pretreated myocytes. A difference in the basal fura-2 fluorescence ratio between control and pertussis toxin-treated cultures the experiment. Under these conditions, thrombin induced an increase in systolic calcium; diastolic calcium was unchanged ( Figure 14) . Absence of an increase in diastolic calcium in response to thrombin in Purkinje myocytes (as compared with rat ventricular myocytes) may be due to the slower stimulation rate, which provides sufficient time for calcium to return to the baseline value between transients. Thrombin's effect to increase systolic calcium in electrically driven Purkinje myocytes provides strong evidence that thrombin modulates cellular calcium homeostasis independent of any effects on automaticity.
Effect of Thrombin on cAMP
Previous studies in other cell types describe an effect of thrombin either to stimulate or to inhibit intracellular cAMP under certain conditions.41,42 Although thrombin is a potent activator of phosphoinositide hydrolysis in cardiac myocytes, changes in automaticity and cytosolic calcium could potentially result from coincident changes in intracellular cAMP. Therefore, we measured cAMP levels in our experimental system. Using conditions associated with a vigorous inositol phosphate and physiological response to thrombin, thrombin neither stimulated nor inhibited myocyte intracellular cAMP levels (control, 79.5-+ 11 pmol/5x 10`6 cells; thrombin, 58.8± 16 pmol/5x10-6 cells; n =4). This contrasts with the greater than fivefold stimulatory effect elicited by the P-adrenergic agonist isoproterenol (445 ± 69 pmol/5xl106 cells; p <0.02; n =4). These results indicate that cAMP is not important in mediating the actions of thrombin. Rather, they provide support for the hypothesis that the biochemical effector pathway linking thrombin to increased cytosolic calcium and enhanced automaticity is phosphoinositide hydrolysis.
Discussion
Although thrombin is a procoagulant enzyme, we now recognize that it also exerts a range of stimulatory effects in many types of mammalian cells through its action to activate phosphoinositide hydrolysis. In the present study we have shown for the Table 2 ). Note that in this particular cell, a rise in diastolic calcium preceded the onset of enhanced automaticity. Increases in calcium that preceded increases in automaticity occurred in three of the cell studies. It is of considerable interest that the effects of thrombin to stimulate the formation of 1P3, increase automaticity, and prolong repolarization also are induced by a,-adrenergic receptor agonists. 14,23,28 A further analogy between the responses to thrombin and a-agonists derives from studies with pertussis toxin. Although a recent report suggests that thrombin's effect to increase intracellular calcium ion concentration in chick heart cells is inhibited by pertussis toxin,8 we found no evidence for the involvement of a pertussis toxin-sensitive G protein in any of thrombin's actions in the mammalian heart. Similarly, the effects of norepinephrine to stimulate 1P3 formation and increase automaticity are unaffected by pretreatment with pertussis toxin.14 Finally, results of biochemical experiments reported herein demonstrate that inositol phosphate formed in response to the simultaneous addition of thrombin and norepinephrine is no greater than that formed in response to norepinephrine alone. Taken together, these results suggest the intriguing possibility that thrombin and norepinephrine may elicit similar physiological effects through the activation of a common signal transduction pathway.
The observations we report concerning thrombin's effects on electrophysiological properties of Purkinje fibers are novel and provide the basis for both firm conclusions and speculation about thrombin's physiological and pathophysiological roles. Under normal conditions, when the integrity of the endothelium is maintained, it is unlikely that clotting factors such as thrombin come into direct contact with myocardial cells. However, intramyocardial hemorrhage is a frequent accompaniment of infarction, and the vascular injury and activation of the hemostatic process in the setting of a hemorrhagic myocardial infarction is likely to bring myocytes into direct contact with blood-borne factors. Under these circumstances, it is of interest to speculate that thrombin may act as a plasma-derived humoral mediator of electrophysiological events. For example, in well-polarized Purkinje myocytes, we found the major effect of thrombin is to prolong action potential duration. Such an effect, if associated with a concomitant prolongation of refractoriness, generally would be considered antiarrhythmic. In contrast, in depolarized fibers, the major effect of thrombin is to increase automaticity. Depolarized fibers are thought to provide one substrate for arrhythmogenesis resulting from abnormal automaticity in myocardial infarction.27 The mechanism for the thrombin-dependent increased automaticity here might be the increase of a monovalent cation conductance secondary to the elevated intracellular calcium levels, which would increase the slope of phase 4 depolarization.
Not only could the prolongation of action potential duration by thrombin modify the propagation of premature depolarizations and be antiarrhythmic (depending on the timing of the premature beats and the membrane potential at which they originate), but it could be arrhythmogenic, if the early afterdepolarizations seen were of sufficient magnitude to attain threshold and induce triggered activity. Hence 
